Finite-element (FE) analysis has been used in palaeobiology to assess the mechanical performance of the jaw. It uses two types of models: tomography-based three-dimensional (3D) models (very accurate, not always accessible) and two-dimensional (2D) models (quick and easy to build, good for broad-scale studies, cannot obtain absolute stress and strain values). Here, we introduce extruded FE models, which provide fairly accurate mechanical performance results, while remaining low-cost, quick and easy to build. These are simplified 3D models built from lateral outlines of a relatively flat jaw and extruded to its average width. There are two types: extruded (flat mediolaterally) and enhanced extruded (accounts for width differences in the ascending ramus). Here, we compare mechanical performance values resulting from four types of FE models (i.e. tomography-based 3D, extruded, enhanced extruded and 2D) in Morganucodon and Kuehneotherium. In terms of absolute values, both types of extruded model perform well in comparison to the tomography-based 3D models, but enhanced extruded models perform better. In terms of overall patterns, all models produce similar results. Extruded FE models constitute a viable alternative to the use of tomography-based 3D models, particularly in relatively flat bones.
Background
Finite-element analysis (FEA) is an engineering technique that reconstructs stress, strain and deformation patterns in digital structures [1] [2] [3] . This method allows for a complex three-dimensional (3D) structure to be broken down into a finite number of elements of known material properties, size and shape whose response to a force can be readily quantified [1] [2] [3] . In vertebrates, FEA has mainly been used to assess feeding behaviour and mechanical performance of the skull in a wide array of groups, including cartilaginous fish [4] , ray-finned fish [5] , crocodilians [6] , non-avian dinosaurs [7] , birds [8] , mammaliaforms [9] , rodents [10, 11] , primates [12] [13] [14] , bats [15] , ungulates [16] and carnivorous mammals [17] [18] [19] [20] . To a lesser extent it has been used in the study of locomotion and behaviour, for example, to assess the loading regime of the metatarsus in a theropod dinosaur [21] , to study the mechanical potential of the manual ungual of dromaeosaurids in prey dispatching [22] , to simulate sauropod trackway formation [23] and theropod dinosaur locomotion [24, 25] .
For its use in palaeontology, FEA has been validated using experimental approaches, including the in vivo analysis of primate [26] and American alligator skulls [27, 28] , ex vivo studies using a domestic pig cranium [16] and the mandible of an ostrich [8] , and in macaque mandibles using in vitro data [29] , as well as combined in vivo and ex vivo data [30] . Additionally, a comprehensive set of sensitivity analyses have been performed to improve finite-element (FE) models in terms of elastic properties and loading regimes [31] [32] [33] [34] , boundary conditions [29] , mesh density [35] and generation [36] , as well as element size and homogeneity [37] .
In palaeontology, FE models are traditionally built using computed-tomography (CT) scan data. This method of data capture is widely used for FEA because it allows for the construction of very precise 3D models and because it captures the internal anatomy of the structures of interest [3] . Other approaches to 3D data capture, like photogrammetry, laser scanning and mechanical digitization, have been used to completely or partially build models for FEA [38] [39] [40] [41] [42] although these techniques are not able to capture internal anatomy. Alternatively, two-dimensional (2D) FE models (also known as planar models) have been used to study feeding biomechanics across the fish-tetrapod transition [43] , analyse the skull mechanics of temnospondyls [44, 45] and crocodilians [6] , study the mechanical performance of dinosaur skulls [46] [47] [48] and cingulate xenarthrans [49] , analyse the relationship between jaw shape and diet in primates [50] and assess the digestive physiology of ruminants using the robustness of their jaws [51] , among others. It is simple, easy and quick to build 2D planar FE models and they represent a first approximation for performing large-scale studies and looking into general trends among clades [6, 43, 48, 50] . Additionally, they do not require CT scan data, which can sometimes be inaccessible or very expensive. The simplicity of 2D planar models can be problematic, however, because they do not capture the three-dimensionality of the structure and the muscle configuration and the forces acting upon it, and must assume that the stresses and strains act only in the sagittal 2D plane [43] . It is, therefore, unclear to what extent 2D planar models can replicate the stress environment of a 3D shape. Until this relationship is assessed, the utility of 2D planar models and the potential for studying large-scale macroevolutionary trends cannot be fully realized.
Here, we test the utility of simple 2D planar FE models and simplified 3D models, to predict the stress response of a complex 3D structure. Recent 2D FE studies have focused on the vertebrate mandible, based on the assumption that it is a simple and largely planar structure that retains information about the feeding ecology of the individual. Here, we create simplified FE models of relatively flat mandibles, built digitally using a lateral 2D outline of the jaw and data on its mediolateral width. We focus on the Early Jurassic mammaliaforms Morganucodon and Kuehneotherium, two of the earliest and most basal representatives of the total group Mammalia. The biomechanical performance of the jaws of these taxa has been previously studied using 3D FE models built from CT scan data, alongside other biomechanical techniques [9] ; therefore, they constitute ideal subjects for the validation of novel FE models. We create three types of FE model of increasing complexity: (a) 2D planar models, (b) extruded models, which have been extruded to the average width of the jaw and maintain a uniform thickness and (c) enhanced extruded models, similar to extruded models, but where the ascending ramus has been modified to more closely resemble the 3D geometry of the jaw. We compare stress and strain within the jaws of these simplified FE models to the complex 3D models to assess the utility of simplified approaches. Given that these models were built using fossil material, no in vivo validation was possible. Because these models represent isolated jaws only and the orientation of the adductor muscles cannot be accurately determined without a skull, we perform a series of sensitivity analyses to determine how the orientation of the muscle loads impacts the overall results when using the enhanced extruded models, as a means of helping us quantify uncertainty for incompletely preserved fossils.
Materials
We used the mandibles of two Early Jurassic (Hettangian-Early Sinemurian) stem mammals from Glamorgan, Wales, UK following Gill et al. [9] : Morganucodon watsoni (reconstructed from specimens UMZC Eo.D.61, UMZC Eo.D.45 (University Museum of Zoology in Cambridge, UK) and NHMUK PV M85507 (Natural History Museum, London, UK)) and Kuehneotherium praecursoris (reconstructed from specimens NHMUK PV M19766, NHMUK PV M19749, UMZC Sy.97 and NHMUK PV M92779). We used the FE models created by Gill et al. [9] as the basis for building 2D planar and extruded FE models and for comparison with the results from 3D FEA. The models in Gill et al. [9] are based on slightly incomplete specimens and the extruded models in this paper replicate this incomplete morphology.
Methods

Model creation
Examples of all the models used in this study are shown in figure 1 for Morganucodon. For Kuehneotherium, see electronic supplementary material, figure S1.
Two-dimensional planar finite-element models
Lateral view screenshots of the mandibles were taken from fig. 1 in Gill et al. [9] . The mandibles were outlined in ImageJ v. 1.46r [52] using the multi-point feature. The resulting data were processed in Microsoft Excel to include only the XY coordinates of the outline. These data were imported into the computer-aided design (CAD) software Inventor Professional 2016 (Autodesk, USA) where a 2D model of the mandible was sketched using the spline function. The models (figure 1d ) were then exported to a .STEP file for later use in the FEA software Abaqus v. 6.14-1 (SIMULIA, USA).
Extruded finite-element models
2D planar FE models were constructed as above. These models were extruded medially to an average width in Inventor Professional 2016 (Autodesk, USA). The average width of the mandible was obtained from 10 equidistant measurements taken along the length of the mandible (in the 3D models used in Gill et al. [9] ) in ImageJ v. 1.46r [52] . For Morganucodon, the length of the mandible was 21.11 mm and the average width was 0.81 mm. For Kuehneotherium, the length of the mandible was 20.76 mm (incisor region missing from original model) and the average width was 0.85 mm. The resulting extruded FE models (figure 1c) were exported to a .STEP file for later use in the FEA software Abaqus v. 6.14-1 (SIMULIA, USA).
Enhanced extruded finite-element models
Alternative models to the simple, flat extruded FE models were generated. Using the 3D computer graphics software Blender v. 2.78, the mandibles were outlined and transformed into simple extruded models. Posteriorly, the ascending rami of the mandibles were modified in width to account for a more complex geometry (as shown in figure 1b ) in three main areas: the coronoid process, the condyle and the angular process (i.e. those regions in which the lateromedial width of the ascending ramus was markedly different from that of the horizontal ramus). The region between the condyle and the top of the coronoid process, as well as the concavity of the angular, were likewise modified to obtain a gradual transition in width between areas. These structures were modified by taking additional width measurements from dorsal and posterior view screenshots of the 3D models of the jaws of Morganucodon and Kuehneotherium from Gill et al. [9] in ImageJ v. 1.46r [52] . These models were exported into .STL in Blender and converted to .STEP using the CAD software FreeCAD v. 0.16 for later use in the FEA software Abaqus.
Meshing
FEA requires models to be meshed into a finite number of elements of known size and shape. For all models, meshing was performed in the FEA software Abaqus v. 6.14-1 (SIMULIA, USA). As in Gill et al. [9] , the mesh of extruded and enhanced extruded FE models used linear four-noded tetrahedral (C3D4) elements; the mesh of 2D planar models used three-node linear triangular (CPE3) elements. For a summary on the number of elements used in each mesh, see electronic supplementary material, table S1.
Finite-element analysis
Material properties
Mandibles were assigned isotropic and homogeneous material properties of bone following Gill et al. [9] , with Young's modulus of 18 GPa and Poisson's ratio of 0.3. As in Gill et al. [9] , none of the models created included tooth crowns because edentate jaw models have been shown to perform better than dentate ones [29] and because the fossil specimens lacked some or all of the teeth. However, the models by Gill et al. [9] did include the tooth roots which had the material properties of dentine (i.e. Young's modulus of 25 GPa and Poisson's ratio of 0.3). In order to test whether the inclusion of dentine had a significant effect on the FEA results, the original Gill et al. [9] models were re-run with only one material (i.e. bone) in both mandible and tooth roots. The summary of the results can be found in electronic supplementary material, table S2. The stress, strain and reaction forces produced by the set of models with only the material properties of bone was almost identical to those produced by models with two different material properties (i.e. bone and dentine); therefore, the original models (with two material properties) do represent a good basis for validating the extruded models.
Constraints and boundary conditions
Following Gill et al. [9] , multi-point constraints with master (i.e. a single point representing the muscle attachment area in the absent skull in which the lines of action of the slave nodes converge) and slave nodes (i.e. a set of points that represent the muscle attachment area in the jaw) were applied at the mandibular condyle and at the biting point: m2 in Morganucodon and m3 in Kuehneotherium. There were approximately 32 slave nodes constrained at the condyle and 26 slave nodes constrained at the biting point in Morganucodon and approximately 23 slave nodes constrained at the condyle and 31 slave nodes constrained at the biting point in Kuehneotherium (muscle attachment regions across models encompass comparable areas but have slightly different number of nodes). Boundary conditions in all taxa were constrained in four degrees of freedom at the mandibular condyle (U 1 = U 2 = U R2 = U R3 = 0) and in four degrees of freedom at the biting point (U 1 = U 2 = U R2 = U R3 = 0). U 1 is the mesiodistal axis, U 2 is the dorsoventral axis and U 3 is the axis along the length of the jaw; U refers to translational movement, U R refers to rotational movement.
Muscle attachment simulation
For Morganucodon and Kuehneotherium, four muscles were modelled: superficial temporalis, deep temporalis, superficial masseter and deep masseter (figure 2). Multi-point constraints with master and slave nodes were used to simulate areas of muscle attachment at the mandible (slave nodes) and at the point they would attach to the skull (master nodes). Muscle loadings were different for each taxon and relative contributions of each muscle were calculated to obtain an overall bite force of 2 N in Morganucodon and 1.14 N in Kuehneotherium. The actual loading forces, obtained from Gill et al. [9] , were as follows: superficial temporalis, 2 N; deep temporalis, 1.6 N; superficial masseter, 1.6 N; deep masseter, 1.6 N.
Jaw performance
Reaction forces at the biting point and condyle were queried after running the model. Field output reports including maximum principal strain (i.e. tensile strain experienced by a bone following the application of a load [3] ) and von Mises stress (i.e. parameter that predicts failure under ductile fracture [3] ) were recorded for each model. Mesh-weighted arithmetic means (MWAM) were also calculated to account for differences in element size in the mesh following [37] .
Sensitivity analyses
In order to evaluate the relevance of the accurate positioning of the master nodes of the muscle attachments (and the concomitant orientation of the muscle loads) in the absence of a skull, several sensitivity analyses were performed in the enhanced extruded FE models of Morganucodon and Kuehneotherium. These analyses involved moving the position of the master nodes of the temporalis, deep masseter and superficial masseter by 1%, 5% and 10% of the total jaw length in x, y and z, using a series of different transformation combinations ( pictured in figure 2 and fully described in the electronic supplementary material). A total of 156 analyses were performed: 78 for Morganucodon and 78 for Kuehneotherium. The full compendium of the resulting stress and strain values obtained from these analyses can be found in the electronic supplementary material. 
Results
Finite-element analysis
The comparative stress, strain and reaction forces of Morganucodon and Kuehneotherium obtained from FEA, using the four different models are summarized in table 1 and displayed as comparative plots in figure 3. Figure 4 shows the von Mises stress plots of all jaws. Particularly in table 1, the MWAM values calculated to account for element size differences in the mesh are fairly consistent with the arithmetic mean. This indicates that the size of the elements in the mesh is fairly homogeneous. Deformation patterns, fairly consistent across all models, are shown in electronic supplementary material, figure S2 . In broad terms, the mean and median von Mises stress values resulting from both types of extruded FE models (enhanced and non-enhanced) were similar (75-92%) to those obtained from 3D models built from CT scan data. Particularly, enhanced extruded models produce more similar stress values to those obtained from the original 3D models, although they slightly overestimate (approx. 2.75%) the maximum stress experienced by the jaw. The mean and median von Mises stress values resulting from the 2D planar models were less than 0.05% similar to those obtained from 3D models built from CT scan data. Overall, the von Mises stress patterns in the jaws (figure 3) are fairly consistent across models, including the 2D planar models, with most of the stress being experienced around the muscle attachments and the biting point in both Morganucodon and Kuehneotherium. In figure 4b ,f, this pattern is not evident in the enhanced extruded FE models because the von Mises stress scale was standardized for all 3D and extruded FE models, and the enhanced models experienced the lowest maximum stress values.
In terms of maximum strain magnitude, we obtained different results in both taxa. In the case of Morganucodon, the extruded FE model performed better than its enhanced counterpart, with the former achieving 91% of the original strain value and the latter only recovering 84%. By contrast, for Kuehneotherium the enhanced extruded FE model performed better than the simple extruded model, although it overestimated the maximum strain value by approximately 10%. In both taxa, the mean and median microstrain values were more similar between the original and enhanced extruded models, with the former recovering strain values of 90-96% of the 3D model in Morganucodon and 76-85% in Kuehneotherium. In both taxa, the mean, median and maximum strain values resulting from the 2D planar models were less than 0.05% similar to those obtained from 3D models built from CT scan data.
The reaction forces experienced at the jaw joint were similar across all FE models. In Morganucodon, the enhanced model recovered 90% of the original reaction force value, Both extruded FE models also performed well in terms of the reaction forces experienced at the biting point. In the case of Morganucodon, the flat extruded model produced a reaction force 98% similar to that produced by the original 3D model, while the reaction force produced by the enhanced extruded FE model was only 93% similar. For Kuehneotherium, the reaction forces in both models were identical, with both slightly overestimating the original value by approximately 4%. In the case of the 2D models, the reaction forces experienced at the biting point were overestimated in both models, by 20% in Morganucodon and 34% in Kuehneotherium.
Sensitivity analyses
The summary of the results of the 156 sensitivity analyses, comparing the mean, median and maximum stress and strain values experienced in the enhanced extruded models with varying muscle positions to the original 3D models built from CT scan data, can be found in table 2. However, not all of these models depict a realistic orientation of the adductor muscles. Muscles were moved by a value determined as a percentage of jaw length. In some cases, moving muscles by 5% or 10% of jaw length resulted in muscle lines of action that were impossible; for example, passing through the ascending ramus of the jaw. In broad terms, the largest source of deviation from the original mean, median and maximum stress and strain values experienced by the jaw can be attributed to the unrealistic modelling of the adductor muscles, as can be seen when comparing table 2 (all iterations) with table 3 (only realistic muscle iterations). Overall, this unrealistic positioning is largely related to moving the muscle loads in the z-axis (figure 2b) past the anteroposterior axis of the jaw, effectively making the muscle pull in the opposite mediolateral direction of its natural orientation. Therefore, these models with unrealistic muscle orientations were removed, meaning that only 22 models were determined realistic for Morganucodon and 27 for Kuehneotherium (refer to electronic supplementary material for detailed results). These results are summarized in table 3 and graphically depicted in figure 5 .
When considering only the models with realistic muscle orientations (figure 5) it is apparent that, in broad terms, the more the muscle loads are moved from their original position, the more the resulting stress and strain values deviate from the original values (i.e. those of the enhanced extruded FE models depicted in table 1). However, in all cases, these values proportionally deviate more in Kuehneotherium than in Morganucodon. Additionally, the mean and median stress and strain values tend to change fairly consistently throughout iterations, but the maximum values, particularly when moving the muscles over 5% of the total length of the jaw, deviate considerably (table 3) .
In Morganucodon, the mean and median stress and strain values resulting from the 1% muscle movement sensitivity analyses did not deviate more than 4% from the original values obtained from the enhanced extruded model. The 5% movement sensitivity analyses results did not deviate more than 7% and the 10% movement sensitivity analyses did not deviate by more than 16%. The sensitivity analyses models tended to overestimate the mean and median stress and strain values in this taxon.
In Kuehneotherium, the mean and median stress and strain values resulting from the 1% muscle movement sensitivity analyses deviated up to 16% from the original values obtained from the enhanced extruded model. The 5% movement sensitivity analyses results deviated up to 21% and the 10% movement sensitivity analyses deviated up to 34%. The sensitivity analyses models tended to both underestimate and overestimate the mean and median stress and strain values in this taxon. Table 1 . Comparative results of biomechanical analyses: Morganucodon and Kuehneotherium under the four different FE models: A, CT scan-based 3D model; B, enhanced extruded model; C, extruded model; D, 2D planar model. MWAM, mesh-weighted arithmetic mean (following [15] and [37] ). Green, more than 75% similarity with values obtained from 3D model; yellow, between 50 and 74%; red, less than 50% similarity. 
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Discussion and conclusion
The more the geometric configuration of the digitally built models resembles that of the most accurate 3D digital representation of the jaw (i.e. the 3D models built from CT scan data), the closer their stress and strain values. In descending order of similarity these are (a) the enhanced extruded FE models, (b) the extruded FE models, and finally (c) the 2D planar FE models. Both types of extruded FE models produced results which, in most cases, recovered more than 75% of the stress and strain values observed in the original 3D models. However, 2D planar FE models achieved less than 0.05% of these values. Regardless, the von Mises stress plots across all models show fairly similar patterns, and the reaction forces in the jaw joint and biting point are closely comparable in most cases, including in the 2D models.
2D planar FE models are a popular alternative to the use of 3D models built from CT scan data because of their efficiency when performing large-scale studies and because they are valuable as a first approximation to evaluate the overall von Mises stress patterns experienced in the jaw [6, 43, 48] . However, as previously mentioned by these authors and further demonstrated here, 2D planar models cannot replicate the absolute stress and strain magnitudes experienced by the jaw because they represent an oversimplification of the geometry of the jaw and of the line of action of the adductor muscles. 2D models can, however, represent reaction forces and comparative patterns of stress and strain, presumably so long as muscle lines of action do not deviate far from the 2D plane of the model (although this remains to be tested). The use of extruded FE models can better approximate the 3D geometry of the jaw and its muscle configuration and produce similar stress and strain Figure 4 . Finite-element stress plots of Morganucodon (a-d) and Kuehneotherium (e-h) using CT scan-based 3D models (a,e); extruded FE models: enhanced (b,f ) and flat (c,g); and 2D models (d,h). Reaction forces, depicted by black triangles, shown for the jaw joint and the bite point (m2 in Morganucodon and m3 in Kuehneotherium). (Online version in colour.) values to those obtained from 3D models built with CT scan data, while still preserving the economy and efficiency of 2D models. In terms of replicating absolute stress and strain magnitudes, enhanced extruded FE models constitute one of the best alternatives to the use of 3D models when no CT scan or photogrammetry data are available. Extruded FE models also constitute a viable alternative because they are easier and quicker to build than their enhanced counterparts, while still producing similar stress and strain values. Similar results have been obtained from Rahman and Lautenschlager's box models [53] in FEA using a skull of Allosaurus and a vertebra of Stegosaurus. Their models, which also represent a 3D simplification of the geometry of bone, have been assessed qualitatively (e.g. von Mises stress plots) and quantitatively (e.g. stress, strain, deformation) and perform in a similar manner to extruded models.
A large number of FEAs evaluating the mechanical performance of the jaw have been performed without the cranium (e.g. [9, 28, 29, 37, 43, 48, 49, 51] ). Given that both types of extruded FE models presented here are only built for the jaw and not the cranium, we cannot be certain we are realistically modelling muscle lines of action. Therefore, sensitivity analyses were performed in the enhanced extruded models to evaluate how much the resulting stress and strain values would change if the muscle loads were moved in various directions. As previously mentioned, the unrealistic modelling of the muscle loads in the z-direction was the largest source of deviation from the original stress and strain values, as well as moving the muscle loads by more than 10% of the total length of the jaw in both Morganucodon and Kuehneotherium; therefore, the understanding of how the adductor muscles attach to the cranium should be as thorough as possible.
The stress and strain values resulting from both types of extruded FE models represent a close approximation to the results obtained from 3D FE models built from CT scan data in relatively flat bones, particularly jaws. These models Table 2 . Comparative stress and strain results of the sensitivity analyses-Includes: range (minimum and maximum values of all the iterations), standard deviation and % similarity range (i.e. percentage that represents the range of how much the stress and strain values deviated from the original results of the enhanced extruded FE models across all iterations of the sensitivity analyses). are still subject to the same assumptions as any other biological FE model, in terms of estimating material properties and boundary conditions such as muscle loads and constraints. The economy and efficiency with which they can be both built and analysed, while still providing reliable approximations of the stress and strain magnitudes experienced in the jaw, makes them a good alternative to the use of 2D planar models when performing large-scale studies where questions of comparative shape performance are warranted. Given the nature of how these models are built, reconstructions based upon a number of incomplete specimens are possible in a relatively easy manner, which is advantageous when dealing with fossil material. The use of early mammal jaws for building extruded FE models has proven useful since they are relatively flat and lack considerable anterior or other curvature along their length. How more three-dimensionally complex jaws may lend themselves to the extruded approach deserves further attention. Likewise, and to explore the full potential of this method, further studies can be made on the validation of extruded FE models on different morphologies (e.g. skull, limb bones, etc.). Enhanced extruded models, which provide more accurate results than simple extruded models, can be made as geometrically complex as needed; however, this can be a time-consuming process and could generate problems with meshing (further validation is needed). Other tools, like photogrammetry, can be performed at low cost to obtain 3D structure; however, other factors, like the size of the specimen, can present considerable obstacles to this technique. Additionally, the presence of an obscuring matrix around the fossil can be challenging for both photogrammetry and for building extruded models. While extruded models can be built from the reconstruction of several specimens, it is important to understand the limitations of the technique Table 3 . Comparative stress and strain results of the sensitivity analyses with realistic muscle configurations-Includes: range (minimum and maximum values of all the iterations), standard deviation and % similarity range (i.e. percentage that represents the range of how much the stress and strain values deviated from the original results of the enhanced extruded FE models across all iterations of the sensitivity analyses). Figure 5 . Results of the sensitivity analyses. Bar chart depicting the range of the mean and median stress and strain values observed in the sensitivity analyses for (a) Morganucodon and (b) Kuehneotherium. 100% line represents the original stress and strain results obtained from the enhanced extruded FE models, the green bar represents up to how much these results were underestimated in the sensitivity analyses, and the orange bar shows up to how much these results were overestimated. (Online version in colour.) royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190674
